In the nitrogen cycle on earth, microbial nitrification is a very important process, not only from an ecological viewpoint but also from the viewpoints of bacterial physiology and biochemistry. The conversion of ammonia to nitrate in the soil is performed mainly by two highly specialized groups of obligately aerobic chemolithotrophic bacteria, ammonia oxidizers and nitrite oxidizers. Almost all biochemical studies on microbial nitrification have been focused on Nitrosomonas europaea among the ammonia oxidizers and Nitrobacter winogradskyi among the nitrite oxidizers (13) . In these nitrifying organisms, NH3 and N02 provide electrons both for exergonic respiratory electron transport, which is coupled with the generation of ATP, and for endergonic and reductive assimilation of CO2 by the Calvin-Benson cycle (4, 13) .
Recently, we purified some respiratory components from N. winogradskyi and proposed the electron transport chain from N02-to 02 in N. winogradskyi to be composed of three components: membrane-bound nitrite-cytochrome c oxidoreductase (cytochrome alcl), soluble cytochrome c-550 [cytochrome c-550(s)] and membrane-bound cytochrome c oxidase (cytochrome aa3) (12, 15, 16) . All these components were purified to an electrophoretically homogeneous state and well characterized. Nitrite-cytochrome c oxidoreductase is a membrane-bound protein with a Mo cofactor, an iron-sulfur cluster, heme a, and heme c (3, 12) . The enzyme shows nitrite-cytochrome c oxidoreductase activity at pH 8 and cytochrome c-nitrate oxidoreductase activity at pH 6 (12) . The terminal oxidase is an aa3-type cytochrome c oxidase (3) . This enzyme is also membrane bound and resembles mitochondrial cytochrome aa3 in its spectral and enzymatic properties, although it does not show any proton-pumping activity (9) . Cytochrome c-550(s), which shows an a peak at 550 nm, has been purified from the bacterium (16) , and its complete amino acid sequence has been determined by Tanaka et al. (11) . This cytochrome is homologous to mitochondrial cytochrome c. Although the components mentioned above have been well characterized on a molecular basis, attempts at reconstitution with purified components of the electron transport system coupled to nitrite oxidation of the bacterium with purified components were unsuccessful (14) .
In the present study, a new respiratory component, membrane-bound cytochrome c [cytochrome c-550(m)], was purified from N. winogradskyi. Although cytochrome c-550(m) had spectral properties similar to those of cytochrome c-550(s), its amino acid composition and N-terminal sequence were very different from those of cytochrome c-550(s). Furthermore, the liposomes into which cytochrome alcl, cytochrome aa3, and nitrite were incorporated showed high nitrite oxidase activity in the presence of cytochrome c-550(m).
MATERIALS AND METHODS Organisms. N. winogradskyi ATCC 14123 was grown in inorganic liquid medium as described previously (15) . Largescale cultivation of the organism was performed as previously described with 500 liters of medium and a stainless steel fermentor with a 600-liter capacity (15) . During cultivation, the concentration of nitrite was kept constant at about 10 mM with occasional additions of sterilized NaNO2. When the total amount of NaNO2 consumed reached about 100 mM, the cells were harvested by use of a Sharples continuous centrifuge. About 70 g (wet weight) of centrifugally packed cells was usually obtained from a 500-liter cultivation.
Physical and chemical measurements. Spectrophotometric determinations were performed with a Shimadzu MPS 2000 spectrophotometer and 1-cm-light-path cuvettes. The heme c content was determined spectrophotometrically by use of the extinction coefficient (at the oa peak) of pyridine ferrohemochrome c, 29.1 mM-1 (2) .
The purity of the cytochrome c preparation was checked by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by the method of Laemmli (6) Cytochrome a1c, and cytochrome aa3 were precipitated with 80% saturated ammonium sulfate, and the resulting pellets were mixed together and suspended in 1.0 ml of the phospholipid solution described above. To this solution was added 50 ,ul of 1 M NaNO2. The solution thus prepared was dialyzed for 6 h against 500 ml of 10 mM Tris-HCl buffer (pH 8.0) containing 10% glycerol and 1 mM NaNO2. It was then dialyzed for 6 Figure 3 shows comparisons of the amino acid compositions and N-terminal sequences of cytochrome c-550(s) and cytochrome c-550(m). The content of hydrophobic amino acids in cytochrome c-550(m) was higher than that in cytochrome c-550(s). The sequence of the heme c-binding site, C-X-X-C-H, was not found in the N-terminal region of cytochrome c-550(m) so far determined. The midpoint redox potential of cytochrome c-550(m) was determined to be +0.269 V by the method described in Materials and Methods. The isoelectric point of cytochrome c550(m) was determined to be 9.5.
Properties of cytochrome c-550(m) as a respiratory component. N. winogradskyi ferrocytochrome c-550(m) was rapidly oxidized by cytochrome c oxidase purified from the bacterium. As shown in Fig. 4 , the Km for cytochrome c-550(m) of cytochrome aa3 was 21.5 ,uM, while that for cytochrome c-550(s) was 27.7 puM. The turnover numbers in the cytochrome c-oxidizing reaction were 23.2 s-1 and 117 s-1 with cytochrome c-550(m) and cytochrome c-550(s), respectively. No synergistic effects were observed with a mixture of cytochrome c-550(m) and cytochrome c-550(s). This result suggests that cytochrome c-550(s) is not a mediator for cytochrome c-550(m) and cytochrome aa3. Cytochrome c-550(m) does not seem to be a mediator for cytochrome c-550(s) and cytochrome aa3 either, on the basis of the above-described results.
Reconstitution of the nitrite oxidase system with purified components. Proteoliposomes containing cytochrome a1cl, cytochrome aa3, and nitrite were prepared by the method described in Materials and Methods and diluted appropriately with the same buffer as that used for the dialysis of the liposomes. When 2.2 ml of the diluted preparation ([a1cl] = 0.94 1tM, [aa3] = 0.93 riM) and 3.5 nmol of ferrocytochrome c-550(s) were mixed in a reaction vessel equipped with an oxygen electrode, oxygen was consumed at a rate of 0.63 ,LM 02 per min. When ferrocytochrome c-550(m) was added to the proteoliposomes, oxygen was consumed at a rate of 4.3 ,uM 02 per min. Upon the addition of 0.1% Triton X-100 to the reaction mixture, oxygen consumption in the nitrite oxidase reaction diminished. As summarized in Table 1 , cytochrome c-550(m) activity was about 8.6 and 16% of those in the cell extract and the membrane fraction prepared from N. winogradskyi, respectively. DISCUSSION Cytochrome c-550(m) has been purified to an electrophoretically homogeneous state from N. winogradskyi. The cytochrome has some molecular features and spectral properties different from those of cytochrome c-550(s) purified from the bacterium by Yamanaka et al. (16) . First, the molecular weight of cytochrome c-550(m) is 13,600, while that of cytochrome c-550(s) is 12,500, as determined by SDS-PAGE. Although the difference in the molecular weight is only about 1,000, there is no similarity between the N-terminal amino acid sequences for the first 30 residues. This is direct evidence that the two cytochromes c are molecular species different from each other. Furthermore, Recently, we proposed that cytochrome c-550(s) seems to act as an electron donor for cytochrome aa3 in the respiratory chain of N. winogradskyi (14) . However, the oxygenconsuming activity with nitrite of the membrane fraction from the bacterium was not activated by the addition of cytochrome c-550(s) (data not shown). Furthermore, the activity of the membrane fraction greatly decreased when the fraction was incubated with 0.1% Triton X-100. This result seems to show that membrane-bound components may be essential participants in the transport of electrons from nitrite to oxygen in N. winogradskyi.
The system reconstituted with cytochrome alcl, cytochrome aa3, nitrite, and cytochrome c-550(m) exhibited a considerably high O2-consuming activity; this activity was about sevenfold that obtained with the system containing cytochrome alcl, cytochrome aa3, nitrite, and cytochrome c-550(s). Considering the orientations of the two enzymes in the liposomes, the recovery (16.3%) of nitrite oxidase activity was thought to be considerably high. The results mentioned above suggest that cytochrome c-550(m) acts as an alternative electron mediator for cytochrome a1c1 and cyto- What is the function of cytochrome c-550(s) in N. winogradskyi? The complete amino acid sequence of cytochrome c-550(s) is homologous to that of mitochondrial cytochrome c, which is the electron donor for cytochrome aa3 (11) . As ferrocytochrome c-550(s) is actually more rapidly oxidized by N. winogradskyi cytochrome aa3 than ferrocytochrome c-550(m), it seems possible that cytochrome c-550(s) is one of the constituents of the electron transport system of N. winogradskyi. Indeed, as the 02-consuming activity of the membrane fraction was about 56% that of the cell extract, the electrons from cytochrome a1c, may be transferred to the two types of cytochrome c in vivo. Kurokawa et al. have isolated a flavoenzyme that shows NADPH cytochrome c reductase and transhydrogenase activities from N. winogradskyi (5) . They have shown that the flavoenzyme is quite similar to Fd-NADP oxidoreductase in photosynthetic organisms (5) . Cytochrome c-550(s) may be the electron donor for the flavoenzyme, although the role of cytochrome c-550(s) from the bacterium should be studied further, especially in relation to the NAD(P)+-reducing system.
